A Test of the Area of Refuge Hypothesis in Indo-Pacific Marine Biogeography by Sanciangco, Jonnell C.
Old Dominion University
ODU Digital Commons
Biological Sciences Theses & Dissertations Biological Sciences
Spring 2010




Follow this and additional works at: https://digitalcommons.odu.edu/biology_etds
Part of the Ecology and Evolutionary Biology Commons, Geographic Information Sciences
Commons, Marine Biology Commons, Natural Resources and Conservation Commons, and the
Oceanography Commons
This Thesis is brought to you for free and open access by the Biological Sciences at ODU Digital Commons. It has been accepted for inclusion in
Biological Sciences Theses & Dissertations by an authorized administrator of ODU Digital Commons. For more information, please contact
digitalcommons@odu.edu.
Recommended Citation
Sanciangco, Jonnell C.. "A Test of the Area of Refuge Hypothesis in Indo-Pacific Marine Biogeography" (2010). Master of Science
(MS), thesis, Biological Sciences, Old Dominion University, DOI: 10.25777/k7fz-ba26
https://digitalcommons.odu.edu/biology_etds/39
A TEST OF THE AREA OF REFUGE HYPOTHESIS IN INDO-PACIFIC MARINE 
BIOGEOGRAPHY 
by 
Jonnell C. Sanciangco 
BS Biology, University of the Philippines at Los Baflos, Laguna 
A Thesis Submitted to the Faculty of 
Old Dominion University in Partial Fulfillment of the 
Requirement for the Degree of 
MASTER OF SCIENCE 
BIOLOGY 
OLD DOMINION UNIVERSITY 
May 2010 
Approved by: 
Hua Liu (Member) 
ABSTRACT 
A TEST OF THE AREA OF REFUGE HYPOTHESIS IN INDO-PACIFIC MARINE 
BIOGEOGRAPHY 
Jonnell C. Sanciangco 
Old Dominion University, 2010 
Director: Dr. Kent E. Carpenter 
Many hypotheses have been proposed to explain the marine biogeographic patterns of 
species richness of the Indo-Pacific. One of these hypotheses suggests that available habitat area 
is the main predictor of species richness. This is the basis for the area of refuge hypothesis that 
attempts to explain the global maxima of species richness found in the Coral Triangle, the area 
encompassing mostly the Philippines, Indonesia, and Malaysia. This species-area effect also has 
habitat heterogeneity as a potential component. The purpose of this study is to test the effects of 
habitat availability predictors, such as shallow water area and coastline length as proxy to area, 
and the effects of habitat heterogeneity, such as a habitat diversity index and patch density, as 
predictors of species richness. Problems of analytical scale and centroid location first had to be 
tested using grids of different sizes (small, medium, large, and Universal Transverse Mercator 
coordinate system (UTM); with the position of the UTM grid also shifted (UTMnorth/south> 
UTMeast/West> and (UTMnortheast/southwest)- An alternative to grid analysis was also tested using 
1000, 500, and 100 equal area sections (EAS) of shallow water area to a depth limit of 200m. A 
total of 7,859 species distribution maps were generated and used to calculate patterns of species 
diversity. An epicenter of marine biodiversity within the Coral Triangle, in the center of the 
Philippines and eastern Indonesia is confirmed. The greatest extent of available shallow water 
habitat area can be found in the Arafura and Sunda shelves, while the highest concentration of 
coastline length is concentrated in the Philippines and eastern Indonesia. Habitat availability 
explains more variation in species richness than habitat heterogeneity. The availability and 
heterogeneity of habitats in the Coral Triangle significantly explains variation in species richness. 
However, the low regression coefficients associated with these parameters suggests that there are 
other major factors that contribute to shaping the marine biogeographic pattern of the Coral 
Triangle. 
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INTRODUCTION 
No other topic in marine biogeography has had more attention in the literature than the 
origins of the epicenter of marine biodiversity of the Indo-Pacific. This epicenter, the so-called 
Coral Triangle, encompasses much of Indonesia, Malaysia, the Philippines, Papua New Guinea, 
the Solomon Islands, Timor-Leste, and Brunei (Fig. 1). Numerous hypotheses have been put 
forward to explain this well-known biogeographic pattern (Rosen, 1988; Bellwood & 
Wainwright, 2002). One of these hypotheses, the area of refuge hypothesis (McCoy & Heck, 
1960), correlates with one of the paradigms of ecology, that larger areas contain more species 
(Rosenzweig, 1995). Potentially correlated with this species-area relationship and the area of 
refuge hypothesis is the notion that greater habitat heterogeneity can support greater diversity of 
species (MacArthur & Wilson, 1967; Rosenzweig, 1995, Tews et al, 2004; Hoeksema, 2007; 
Baldi, 2008). Extent and diversity of habitat has been used as a major factor explaining shifting 
patterns of marine biodiversity through geological time (Renema, et al, 2008). The Coral 
Triangle currently has the greatest concentration of tropical shallow water habitat on earth, 
encompassing highly diverse and extensive areas of coral reefs, mangals, seagrass beds, estuaries, 
and soft sediment habitat (Woodland, 1990; Carpenter, 1998; Randall, 1998; Carpenter & 
Springer, 2005). This extent and diversity of habitat appears to correspond closely with species-
area and species-habitat diversity relationships for this region. However, other explanations for 
the peak of diversity in the Coral Triangle are more hotly debated. For example, this area is 
considered an area of origin where speciation events have frequently occurred (Ekman, 1953; 
Briggs, 2000). The area has also been considered an area where species arose peripherally and 
have accumulated through prevailing currents (Ladd, 1960; Rosen, 1988; Jokiel & Martinelli, 
1992), through island integration (Carpenter & Springer, 2005), or through supporting species 
survivorships (Barber & Bellwood, 2005). It has also been hypothesized that the Coral Triangle 
is mostly an area of overlap between Indian and Pacific Ocean biotas (Kay, 1980; Woodland, 
1983; Wallace et al, 2000). Others claim that no single explanation adequately accounts for the 
peak of biodiversity in the Coral Triangle but that a combination of factors best explains this 
pattern (Palumbi, 1996; Wallace, 1997; Carpenter, 1998; Randall, 1998; Wilson & Rosen, 1998; 
Allen & Adrim, 2003; Carpenter & Springer, 2005). The purpose of this thesis is to test 
hypotheses of species-area relationships of marine shore biota in the Indo-Pacific region. How 
This thesis is modeled after the Journal of Biogeography. 
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much variation in species richness is explained by the availability of habitat area? Does habitat 
area account for much or all of the variation explained in species richness in the Indo-Pacific 
region, or are there other factors responsible? Does heterogeneity of habitat affect species 
richness, and how does this effect compare to area effects? Hypotheses relating to these 
questions will be tested using generalized species distributions and habitat area information, using 
a Geographical Information System (GIS). 
Figure 1 The Coral Triangle, considered as the area of highest marine diversity in the world. 
Understanding uneven spatial patterns of biodiversity across the planet is central to 
biogeography (Gaston, 2000). Confounding this understanding is the basic observation that 
larger areas contain more species (Rosenzweig, 1995). Teasing out ecological, evolutionary, and 
geographical effects when comparing species richness in areas of different sizes must take this 
effect into account. Species-area relationships were originally studied to determine optimal 
sample size and number, to determine the minimum area of a "community", and to estimate the 
number of species in areas much larger than the sampled region (Connor & McCoy, 1979; 
Rosenzweig, 1995). This method of predicting the number of species led to the formulation of 
mathematical models describing species-area relationships. Among the principal functions used 
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include the power model (Arrhenius, 1921) and exponential model (Gleason, 1922), both of 
which have been the focus of biological interpretation that lead to two alternative explanations of 
the effects of area on species richness. MacArthur & Wilson (1963, 1967) expounded Preston's 
(1960, 1962) power function model as a prediction of the theory of island biogeography. This 
hypothesis states that species number is a function of a dynamic equilibrium between 
immigration and extinction rates moderated by population sizes. Larger areas support more 
individuals in a population, and therefore, populations are less likely to go extinct from chance 
events. Larger populations also generally contain more genetic variation and are more likely to 
adapt to changing environmental conditions. This hypothesis is referred to as the area per se 
hypothesis and does not directly take into consideration the importance of habitat diversity 
(Kallimanise/a/.,2008). 
Conversely, Williams' (1964) habitat-diversity hypothesis was derived from the 
exponential model, which proposes that as the amount of area sampled is increased, new habitats 
with their associated species are encountered and consequently the species number will increase. 
Other factors such as the influence of time in species richness (Adler & Lauenroth, 2003), energy 
available for productivity (Storch et al., 2005), or chance events (Gaston, 2000) have been 
proposed as important in species-area relationships, but Rosenzweig (1995), Tews et al. (2004), 
and Baldi (2008) consider habitat heterogeneity as the vital factor in determining species richness. 
More varieties of habitat offer greater availability of resources that can support larger populations 
and reduce the probability of extinction due to chance events (Shaffer, 1981). The role of habitat 
heterogeneity is also acknowledged by the proponents of equilibrium theory, noting that area and 
habitat heterogeneity are usually positively correlated, which also leads to confounding influences 
on species richness (MacArthur & Wilson, 1967; Rosenzweig, 1995; Baldi, 2008). 
The Indo-Pacific is considered the most biologically diverse marine region worldwide, 
encompassing an array of marine ecosystems including coral reefs, mangrove forests, seagrass 
beds, seaweed beds, and soft-bottom communities. The Indo-Pacific is also the largest marine 
biogeographic realm, with shelf waters extending longitudinally more than halfway around the 
world and through more than 60° of latitude (Briggs, 1999). It is a tropical and subtropical region 
extending from the Indian Ocean (including the Red Sea and Persian Gulf) eastward to the central 
Pacific Ocean through Polynesia to Easter Island (Spalding et al, 2007). The extent of shallow 
water area in the Indo-Pacific is a result of a complex geological history in the region. During the 
early Jurassic, about 180 million years ago (MYA), initial rifting of Gondwanaland occurred, 
causing the separation of Africa and South America and opening up of the Atlantic (Lomolino et 
al, 2006). Extensive sea floor spreading continued to occur among the remaining parts of the 
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Gondwanaland throughout the Cretaceous period (65 to 2 MY A), which lead to the closing of the 
circum-equatorial Tethys Sea, creating a separation between the Atlantic and Indo-Pacific oceans 
as Africa and Eurasia collided. During the period of the closure of the Tethys Sea, three separate 
successive biodiversity hotspots (areas of exceptional species richness) developed coinciding with 
areas of tectonic collision (Renema et al, 2008). These areas roughly coincide with present day 
Mediterranean, the Arabian-Eurasian area, and the Indo-Australian interface. This tectonic 
activity both created and maintained extensive and complex shallow-water habitat at different 
periods. The most recent of these collision areas and the current biodiversity hotspot is the Coral 
Triangle (also sometimes referred to as the Indo-Malay Philippine Archipelago or Indo-
Australian Archipelago). Occurrences of marine species throughout the Indo-Pacific have been 
well documented (Rosen, 1971, 1988a; Valentine, 1973; Springer, 1982; Kay & Palumbi, 1987; 
Kohn & Perron, 1994; Veron, 1995; Palumbi, 1997; Burke et al, 2002). Species richness in the 
Indo-Pacific is negatively correlated with the distance from the Coral Triangle (Nishida & Lucas, 
1988; Palumbi, 1997; Briggs, 1999). 
A wide variety of hypotheses have been proposed to explain the peak in concentration of 
marine species in the Coral Triangle (Carpenter & Springer, 2005; Bellwood & Meyer, 2009), six 
of which are largely interconnected. These have been summarized as center of origin, area of 
overlap, area of accumulation, area of refuge hypotheses (Carpenter & Springer, 2005), center of 
survival (Barber & Bellwood, 2005), and an eclectic hypothesis (Palumbi, 1996; Wallace, 1997; 
Carpenter, 1998; Randall, 1998; Wilson & Rosen, 1998; Allen & Adrim, 2003; Carpenter & 
Springer, 2005). The center of origin hypothesis assumes that the Coral Triangle was an area of 
intense speciation events and that the negative correlation of species richness from the Coral 
Triangle is a result of attenuating dispersal from the center (Ekman, 1953; Briggs, 2000; Mora et 
al, 2003). The area of overlap hypothesis assumes the area is a mixing of Indian Ocean and 
Pacific Ocean biotas that differentiated primarily because of Pleistocene vicariant events that 
separated these biotas (Kay, 1980; Woodland, 1983; Bellwood & Wainwright, 2002). The center 
of origin and area of overlap hypotheses are similar in that they both assume this region has been 
an area of intense lineage diversification. The center of accumulation hypothesis assumes that 
most speciation events occurred outside the Coral Triangle and that species dispersed into and 
accumulated in the Coral Triangle (Ladd, 1960; Rosen, 1988; Jokiel & Martinelli, 1992). The 
center of survival hypothesis is similar to the center of accumulation model, although 
diversification can occur anywhere, not only in peripheral habitats (Barber & Bellwood, 2005). 
The area of refuge hypothesis does not assume where speciation has occurred but that the 
concentration of species is primarily a function of available habitat (McCoy & Heck, 1976; 
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Bellwood & Hughes, 2001). The Coral Triangle represents the largest tropical shallow water 
habitat on earth (Woodland, 1990; Carpenter, 1998) with the greatest diversity of habitat types 
(Hoeksema, 2007) and the epicenter is a function of a species-area relationship. A seventh basic 
hypothesis category exists to explain the Coral Triangle biodiversity epicenter: the mid-domain 
effect (Colwell & Lees, 2000; Connolly et al, 2003; Bellwood et al, 2005). This is a null model 
that assumes no ecological or evolutionary effects but instead, that a random placement of 
distributions will show most overlap in the center of the region because of the size of distributions 
and boundaries of the region. Bellwood & Hughes (2001) conclude that mid-domain effects on 
coral reefs are relatively minor compared with the overriding influence of habitat area because of 
the relatively high diversity assemblages in the western Indian Ocean. 
The center of origin, area of overlap, center of accumulation, and center of survival 
hypotheses all relate, to some extent, to the area of refuge hypothesis in that available habitat is 
needed to both maintain and allow accumulation of biodiversity. Despite its central importance 
to these hypotheses, tests of area of refuge effects on biodiversity in the Indo-Pacific have been 
constrained by a limited haphazard selection of taxa and geographic survey sites (Bellwood & 
Hughes, 2001; Bellwood et al, 2005). These studies looked at the mid-domain effect, and 
latitude, longitude and habitat area but did not consider habitat heterogeneity. Habitat area was 
the most important factor in explaining species richness (Bellwood & Hughes, 2001; Bellwood et 
al, 2005). 
The primary purpose of this thesis is to test the area of refuge hypothesis with regards to 
available habitat and habitat heterogeneity. This thesis will test specific hypotheses to determine 
the amount of variation explained by habitat area and habitat heterogeneity in the Indo-Pacific 
using species distribution maps of fishes and invertebrates, and habitat maps of coral reefs, 
seagrass beds, and mangals using GIS. GIS is commonly used in spatial analyses (Swenson, 
2008), habitat prediction and modeling (Ray et al., 2002; Wilkin et al, 2007), and mapping 
spatial distributions for species conservation status assessment (Carpenter et al, 2008). Mapped 
classifications of patterns in biodiversity have long been considered an important tool in 
evolutionary studies and conservation planning, which, unfortunately, has largely been restricted 
to terrestrial studies (Spalding et al., 2007). Complete GIS datasets are only available for most 
terrestrial species, including mammals and birds of the world, North American tree species, and 
global amphibian species (Swenson, 2008). Swenson (2008) discussed and summarized the use 
and influence of GIS in niche modeling and in evolutionary biology research studies for land 
snails, grasshoppers, and crickets. GIS analyses and modeling were also done for invasive plants 
in California (Dark, 2004), beetles of the subgenus Anisodactylus (Noonan, 1999), South 
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American pocket mice (Anderson et al., 2002), and kangaroos (Skidmore et al, 1996). Recently, 
some studies have shown how GIS applications can be used in marine management program 
(Friedlander et al., 2007; Clark et al., 2003), but the methods are used in smaller scale compared 
to the whole Indo-Pacific region. The use of GIS in marine ecosystem has also been restricted by 
the lack of distribution range maps in GIS file formats. There are, however, a few studies that use 
GIS in studying the distribution patterns of marine species at a larger scale (Moretzsohn & 
McShane, 2004; Bellwood et al., 2005; Allen, 2007) but their mapping methods mostly involved 
using point distribution data, or drawing a minimum-bounding polygon that encompasses all the 
georeferenced points of the species location. Using point data is useful in conservative biology 
studies but does not include all localities where a species is potentially found. Similarly, the 
minimum-bounding polygon often produces a map stretching across areas that are uninhabitable, 
such as open ocean where coastal species do not occur. This study uses standardized basemaps 
that take these limitations into account. 
This study not only intends to focus on answering biogeographic questions but also to 
contribute to the field of marine GIS. These contributions include the creation of an extensive 
GIS database of the world's shore species, which can be used and customized to test further 
biogeographic studies. This thesis also used GIS tools to test large scale studies, which has not 
been previously conducted. The use of GIS in the marine sciences is currently developing. Many 
disciplines, such as marine biology, geology, and conservation are incorporating GIS-based 
research into their systems (Breman, 2002). Internationally, there is a growing trend towards 
adopting a marine GIS in terms of data access and exchange, spatial and temporal representation, 
and the need for more temporally dynamic analytical models that incorporate the principles of 
biodiversity conservation in the management of aquatic resources (Wright & Halpin, 2005). The 
need to identify heterogeneity within and distinctiveness between marine ecosystems can greatly 
increase the effectiveness of conservation planning. The Indo-Pacific region has become one of 
the world's top priorities for marine conservation not only because of its high biodiversity but 
also because it has the most threatened marine ecosystems (Bryant et al., 1998; Roberts et al., 
2002; Burke et al., 2002; Carpenter & Springer, 2005). 
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METHODOLOGY 
The application of GIS methodology to marine biogeographic questions is still being 
developed. The methods in this study are largely novel or adaptations from terrestrial literature. 
Therefore, the methods themselves needed to be tested before the hypothesis could be tested. 
This study used Arc View 3.3 and ArcGIS 9.3 (Environmental Systems Research Institute) to 
generate species distribution maps, process existing GIS maps, and analyze spatial data. Most 
datasets used in this study exceeded the maximum limit of 2GB in ArcGIS. Therefore, datasets 
were often analyzed first in subsets and then subset results were combined for a final analysis. 
Spatial Range 
The study range covers the entire Indian Ocean (including Red Sea and Persian Gulf) and 
the entire Pacific Ocean within the latitudinal limit of 30°N to 30°S. All data layers were 
projected onto the World Cylindrical Equal Area coordinate system centered at 130° longitude. 
Species Distributions and Basemap 
Generalized distributions of species were obtained from a number of different sources. 
Pre-existing GIS databases existed for marine invertebrates and coral reef fishes (Veron, 2000; 
Moretzsohn & McShane, 2004; Allen, 2007). For non-coral reef fishes, distribution information 
was collected from scientific articles (Trewavas, 1977; Vari, 1978; Masuda et al, 1984; 
Heemstra, 1986; Starnes, 1988; Sasaki & Amaoka, 1989; Sasaki, 1990, 1994, 1995, 1999; Talwar 
& Jhingran, 1991; Yamashita & Kimura, 2001; Iwatsuki et al, 2006), Food and Agriculture 
Organization field guides and species' catalogues (Fischer & Whitehead, 1974; Collette & Nauen, 
1983; Fischer et al, 1984; Russell, 1990; Bianchi et al, 1993; Heemstra & Randall, 1993; 
Carpenter & Niem, 1998; Compagno, 2002; Compagno et al, 2005), and an internet database 
(Robertson & Allen, 2008). Distributions of mangroves and seagrasses were taken from atlases 
(Spalding et al, 1997; Green & Short, 2003). Many of the maps were checked for accuracy and 
additional ones developed by experts as part of the International Union for Conservation of 
Nature, Global Marine Species Assessment (Carpenter et al, 2008). In particular, distributions of 
reef-building corals, mangroves, seagrasses, and several families of coral-reef fishes were 
checked and further developed in this manner. The total number of species maps produced in this 
study is 7,859 (Appendix 1), of which 1,212 are invertebrates (crustaceans and molluscs), 5,708 
are fishes, and 939 total maps are for habitat-forming species, i.e. corals (820), seagrasses (50), 
and mangroves (69). 
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Three different types of species distribution basemaps were used in this study dependent 
on the ecology of the species and the need to analyze and visualize distributions. The emphasis in 
this study is to test biogeographic hypotheses relating to marine species found primarily over 
continental or island shelves. The depth limit of these shallow-water species is typically set at 
200m (Valentine, 1971). Marine species that inhabit this shallow water ecosystem are pelagic, 
benthic, or demersal. Pelagic species typically range widely and are found not only over shallow 
water but many also range over open ocean. A generalized distribution encompassing the entire 
range, including open ocean was adopted for those oceanic species that are also found over 
shallow water (Fig. 2a). Benthic species that are attached or crawl over the ocean floor and 
demersal species that swim close to the bottom are more restricted to shallow water. For all these 
nearshore shallow water species, the 200m bathymetry was adopted as the basemap (Fig. 2b), 
regardless of the actual depth limits of the species. All tests of hypotheses were carried out using 
distributions based on this 'bathymetry basemap', including pelagic species' distributions that 
were cut to this basemap for analyses. 
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Figure 2 Three types of maps used in the study: (a) Sample of pelagic species map (Manta 
birostris); (b) Bathymetry basemap; (c) Visualization basemap. 
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A third type of basemap was developed primarily to help visualize patterns of 
biodiversity. This was necessary because the 200m bathymetry often occurs close to shore (Fig. 
2b), and at the scale of the Indo-Pacific, these areas become nearly invisible in illustrations. 
Therefore, a 'visualization basemap' was adopted made up of the 200m bathymetry in union with 
the 100km buffer from the shore (Fig. 2c). All benthic and demersal species' distributions were 
first created using this visualization basemap and then cut to the bathymetry basemap for 
purposes of analyses. All shapefiles were drawn using ArcView 3.3. For each species, a polygon 
representing the extent of distribution was drawn over the basemap, and this was used to cut the 
basemap for the final distribution map. ArcView scripts were used to automatically name 
shapefiles in the attribute table. The final species distribution map was converted into rasters of 
10km by 10km cell size by using a script in ArcView 3.3 to visualize biodiversity patterns. 
Habitat Area Layers 
Habitat heterogeneity was calculated from shapefiles representing area values for coral 
reef, seagrass bed, mangal (mangrove swamp), and soft-bottom habitats. Three of the habitat 
shapefiles (i.e. coral reefs, seagrasses beds, and mangals) were used in this study with permission 
from the United Nations Environment Programme - World Conservation Monitoring Centre 
(UNEP-WCMC) and originated from the global marine habitat atlas projects (Spalding et al, 
1997; Spalding et al, 2001; Green & Short, 2003). The fourth habitat, soft-bottom, was 
generated from a 200m bathymetry layer processed from ETOPOl (National Geophysics Data 
Center) raster data (Amante & Eakins, 2008). Soft-bottom was defined as the area within the 
200m bathymetry that did not contain coral reef, seagrass beds, or mangals. The non-soft-bottom 
habitat shapefiles were produced at different times using different methods and therefore required 
some standardization. The habitat layers were overlaid to determine where overlap occurred. 
When overlap did occur, average size of polygons and general understanding about the biology of 
the habitat type was used to decide which habitat type took precedence. Mangal polygons were 
generally smallest, so if overlap occurred with seagrass or coral reef habitat types, the other 
habitat types were cut to conform to the maximum size of the mangal habitat. Coral reef 
polygons were generally smaller than seagrass bed polygons, and therefore, coral reef polygons 
were cut from seagrass bed polygons. This is consistent with the fact that coral reefs are often 
interspersed within seagrass beds and adjacent to mangals. 
Land areas were erased from marine habitat data layers using World Vector Shoreline 
data. This data, a standard product of US Defense Mapping Agency, is a digital data file at a 
nominal scale of 1:250,000, containing the shorelines, international boundaries and country 
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names of the world (Soluri &Woodson, 1990). The World Vector Shoreline was also used to 
generate the coastline length by converting this to a line using conversion tools in ArcGIS 9.3. 
Coastline length was used here as a proxy for available nearshore habitat. A more complex 
shoreline can be considered a "larger area" compared to a simpler coast. This method was first 
employed by Etnoyer (2001) who defined it as "shoreline complexity". 
Raster Analysis 
The overlay raster tool in ArcGIS 9.3 was used to combine all the rasterized species 
distribution maps (maps drawn using the visualization basemap; Fig. 2c). This tool assigns a 
value for each cell that corresponds to the number of species found within that cell. Thus, higher 
values correspond to a higher number of species and lower values have lower species richness. 
Biodiversity 'hotspots' were identified using this overlay. 
Fishnet Grids, UTM Grids, and Equal Area Sections 
Species-area studies typically use superimposed cells to investigate the correlation of 
species richness with other variables. Here, two types of cells were used - grids and equal area 
sections. Grids are often used when collecting data over large areas of earth, such as in this 
study. There are four elements that describe a grid: the map projection, the number of columns 
and rows, the numbers of grid cells per map unit, and the grid cell that corresponds to the map 
origin. Grids are an efficient means of storing data because the location of a value within the grid 
is implicit and constant, allowing easy comparison among data points (Maling, 1992). The study 
area was divided into grids of different sizes to test if the size of the grid has an influence on the 
species-area relationship and if the commonly used Universal Transverse Mercator coordinate 
system (UTM) grid has any bias compared to using other grid sizes. The UTM is a grid-based 
system composed of 60 different zones (with each grid measuring -616,995 km2, except for grids 
located along the extent of study range which cover less area), each of which was anchored in a 
specific secant transverse Mercator projection (Snyder, 1987). Map projections are specified as a 
set of equations giving x and y in terms of latitude and longitude. There is no best map 
projection, and each projection has its own use based on different properties - the two most 
important are whether they are conformal or equal-area. Most projections have only one of the 
two, and some have none at all (Maling, 1992). The UTM system is predisposed to distortion in 
area and distance. Therefore, three different fishnet grid sizes; small (23,021 km2), medium 
(92,084 km2), and large (368,337 km2), encompassing the whole study area, were generated to 
facilitate evaluation of different scales using the 'create fishnet' function in ArcGIS 9.3 and to 
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compare with UTM (Fig. 3). In addition, UTM projection was moved about halfway up 
(UTMnorth/south), sideways (UTMeast/west), and diagonally (UTMnortheast/southwest) to determine if 
the location of the UTM centroids can influence the result of the analysis. Some of the grids fall 
along the coastal areas and include land. This produces variable effective grid size in terms of 
available shallow water habitat and is a fundamental flaw with grids that has been dealt with in 
several ways, one of which is to combine adjacent grids (Currie, 1991; Badgley & Fox, 2000; 
Hawkins et al., 2003b; Diniz-Filho et al, 2004; Nogues-Bravo & Araujo, 2006). Grids that 
contain nearly all land were removed from the analysis (these contained 85 to 99% of land) while 
others were combined with adjacent grids to obtain water areas approximately equal to a single 
grid with 100% water (Hawkins et al, 2003b; Bini et al, 2004). 
Equal area sections of shallow habitat were generated to isolate the effects of area on 
shore species richness from the effects of habitat diversity. Grids have varying shallow water 
area and therefore cannot account for this. The species tested in this study are coastal species and 
therefore the 200m bathymetry shapefile of the Indo-Pacific region was partitioned into three sets 
of equal area sections using a theme partition script (Huber, 2000) in ArcView 3.3. This script 
worked by recursively dividing the polygon until a user-specified number of equal-area sections 
was created. Four different equal area partitions were chosen to compare the effect of different 
portion sizes: 1000 equal area sections (each section -8,144 km2), 500 equal area sections (each 
section -16,287 km2), 100 equal area sections (each section -81,434 km2), and an alternative 100 
equal area sections designated as 100b (Fig. 4). The 100b partition was created in two steps: first, 
by dividing the shallow water into two equal sections, then dividing each section into 50 equal 
partitions. This method changed the orientation of how the different sections were cut to test if 
orientation had a significant effect on species richness correlations - in a way similar to changing 
the centroid location using grids. 
Several functions and tools in ArcGIS 9.3 were used to create the final sets of maps that were 
used to test relationships between the habitat layers and patterns of species richness. The 
'calculate geometry function' was used to compute coastal length and shallow water (area within 
the 200m depth contour), coral reef, mangal, seagrass, mangrove, and soft-bottom area per grid or 
equal area section. Merge, dissolve, clip, erase, and frequency tools were used to calculate the 
number of species present in each grid and equal area section. Therefore, each grid unit or equal 
area section had a corresponding area measurement of each habitat and coastal length, and the 
number of all species present. These attributes were exported into a Microsoft Excel spreadsheet 
(Appendix 2 & 3) where patch density and the habitat diversity index (see below) were then 
12 
calculated. This matrix of species richness and habitat area values was imported into SPSS ver. 
16.0 (SPSS Inc.) for Poisson regression and other statistical analyses. 
Data Classification 
Grids were further classified into three different types based on their location - coastal, 
offshore, and oceanic (see Appendix 2). Coastal grids were defined as the grids touching the 
coastline of the mainland or continent. Offshore grids were the grids that do not touch the 
mainland coast, but were found within the 200m bathymetry. Oceanic grids were assigned to 
those grids that fall in the oceanic islands. Grids were also divided into two biogeographic 
regions - Indo-West Pacific (IWP) and Eastern Tropical Pacific (ETP) (see Appendix 2). 
In order to visualize how shallow water area and coastal length were distributed in the 
Indo-Pacific, data matrices derived from grids were classified according to the assigned values of 
shallow water area and coastal length. Data classification was performed by grouping similar 
features into classes and assigning the same symbol to each member of the class. Here, shallow 
water area and coastal length were classified into equal intervals of 10 classes, such that each 
class represents a 10% increase or decrease of values. Grids belonging to the first class, 
therefore, had the highest available shallow water area and coastal length, respectively. Locations 
of the highest available habitat were then compared using shallow water area and coastal length. 
13 






























































































Figure 3 Different sizes of grids and different positions of UTM generated throughout the study 
range. The numbers in each grid indicate the ID of each cell, with corresponding attribute 
information listed on the Appendix (see Appendix 2). (a) Small fishnet grid, measuring 23,021 
km2, divided into six parts to visualize the labels, first part; (b) Second part; (c) Third part; (d) 
Fourth part; (e) Fifth part; (f) Sixth part; (g) Medium fishnet grid, measuring 92,084 km2; divided 
into two parts to visualize the labels, first part; (h) Second part; (i) Large fishnet grid, measuring 
368,337 km2; (j) UTM grid, measuring 616,995 km2; (k) UTMnorth/south; (1) UTMeast/west; (m) 
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Figure 4 Equal area sections derived from 200m bathymetry along the study range. The numbers 
in each grid indicate the ID of each cell, with corresponding attribute information listed on the 
Appendix (Appendix 3). (a) Using 1000 equal area sections, measuring -8,144 km2, divided into 
six parts to visualize the labels, first part; (b) Second part; (c) Third part; (d) Fourth part; (e) Fifth 
part; (f) Sixth part; (g) Using 500 equal area sections measuring -16,287 km2, divided into six 
parts to visualize the labels, first part; (h) Second part; (i) Third part; (j) Fourth part; (k) Fifth 
part; (1) Sixth part; (m) Using 100 equal area sections, measuring~81,434 km2; (n) Using a 
different orientation of 100 equal area sections (100b). 
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Partitions Using Modified Large Marine Ecosystems (LMEs) 
Large Marine Ecosystems (LMEs) were developed by NOAA for ecosystem based 
management purposes. LMEs were defined as large areas of ocean space that are adjacent to the 
continents in coastal waters where primary productivity is generally higher than in open ocean 
areas (Sherman & Hempel, 2009). In this study, LMEs were used to divide the study range and 
to investigate the different parameters that affect species richness. The original LME boundary 
polygons (NOAA Fisheries), however, do not coincide with the datasets used in this study. These 
polygons did not cover some of the locations and did not match the coastline used in this study. 
To address these issues, a modified LME shapefile was created by drawing additional polygons 
or extending the original LME polygons, to cover the areas that were not previously covered (Fig. 
5). The modified LME shapefiles were then used to identity features in overlay analysis to 
determine the species-area and species-habitat correlations per LME region. 
Calculating Measures of Habitat Heterogeneity 
Two functions of habitat heterogeneity were evaluated in this study: patch density and a 
habitat diversity index. Patch density, a measure of spatial heterogeneity, is one method to 
quantify landscape structures by counting the number of patches in an area (Li & Reynolds, 
1993). The density of patches could serve as a good heterogeneity index because a landscape 
with greater patch density would have more spatial heterogeneity (McGarigal & Marks, 1995). 
The other measure of heterogeneity used in this study involves a modification of the Shannon-
Weiner diversity index (Shannon & Weaver, 1963). Most heterogeneity measurements that use 
diversity indices are classified as 'structural diversity', are usually based on multiple study sites, 
and are usually most appropriate for studies that require 'subareas' of different structural groups 
for species to persist in the study area (Magurran, 1988; Tews et ah, 2004). In this study, the 
habitat diversity index is the measurement used to compare diversity between habitat samples or 
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Figure 5 LME feature layers used in the study modified from the LME polygon boundaries 
(NOAA). 
Habitat heterogeneity indices were calculated from the matrix of species richness and 
habitat area values per grid unit and equal area section. These measures of habitat heterogeneity 
included patch density and habitat diversity index. Patch density was counted as the total number 
of individual polygons of corals, seagrasses, mangroves, and soft-bottom shapefiles within the 
200m bathymetry layers per grid unit or equal area section. Coral reef, seagrass bed, and 
mangrove forest are composed of multiple independent polygons (i.e. patches) while the patches 
for soft-bottom 200m bathymetry is a result of converting raster images into vector in ArcGIS 
9.3. The formula for patch density was computed as: 
PD = No. of patches (polygons) 
Shallow water area (km2) 
x 100 (convert to hectares) 
The habitat diversity index was calculated from the values of the total area for each 
habitat (coral reefs, seagrass beds, mangrove forests and soft-bottom) for each grid unit and equal 
area section. The Shannon-Weiner Information Theory formula (Shannon & Weaver, 1963) was 
given as: 
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H = -]j>j In pi or 
H = -Krii/N) In (n,/N) 
where nj = area for each habitat and N = total habitat area. 
Species Curves and Statistical Methods 
The data matrices that include species richness, habitat areas, and the habitat 
heterogeneity indices per grid unit, equal area section, and modified LME region were used to 
calculate species area-curves and to complete other statistical analyses. Poisson regression was 
used because richness is often considered as a form of count data; hence, the data should be 
plotted using the log of the response variable. Grids and equal area sections with zero values for 
the species richness, swallow water area, coastline length, and patch density are removed from 
statistical analyses. Zero values of habitat diversity index, however, means that only one habitat 
type is found in a certain cell. Thus, values for this heterogeneity index were transformed by 
adding 0.5 to the value. The log of species richness for fishes, invertebrates, and habitat-forming 
species (S) was used to compute four species-area curves: (1) log S vs. shallow water area; (2) log 
S vs. coastal length; (3) log S vs. habitats' patch density; and (4) log S vs. habitat diversity index 
of the entire Indo-Pacific region. Species-area curves 1 and 2 were assigned as habitat 
availability indices, while species-area curves 3 and 4 were treated as measures of habitat 
heterogeneity. All curves were also calculated for data matrices from equal area sections and 
modified LME regions, except for 1 and 2 in equal area sections, because of the constant shallow 
water area variable. Statistical significance of these relationships was tested in SPSS 16.0. 
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RESULTS 
Species richness across the Indo-Pacific shows the expected pattern of highest richness in 
the Coral Triangle, in an analysis from the combined rasterized data (10km x 10km grid) of 7,859 
distribution maps (Fig. 6a). The central Philippines has the highest 2.5% of species richness, and 
the highest 10% is found in most of the Philippines and eastern Indonesia (Fig. 6b). About 36% 
of all species in this study are found in the north and central part of the Coral Triangle. Separate 
analyses of all fishes, coral reef fishes, molluscs and crustaceans, and the habitat-forming species 
(corals, mangroves, and seagrasses) each show a similar peak of species richness in the Coral 
Triangle (Fig. 7). The pattern of fishes species richness (all fishes and just coral reef fishes) is 
most similar to the combined analysis (Figs. 7a & b) while molluscs and crustaceans are most 
concentrated in the northern part of the Coral Triangle (Fig. 7c). The highest 10% of species 
richness of corals, mangroves, and seagrasses is widely distributed throughout the Coral Triangle, 
with the highest 2.5% in the northern and central part (Fig. 7d). The top 1% with the greatest 
amount of species richness is found in the central Visayas (Fig. 6c). The areas of least species 
richness in the combined analysis are in the eastern Pacific and along parts of the northern coasts 
of the Indian Ocean (Fig. 6a). The low species richness in the open ocean represents the pelagic 
species such as Katsuwonus pelamis (skipjack tuna), Manta birostris (manta ray), and Rhincodon 
typus (whale shark) that are also found over coastal waters. 
Concentration of shallow water area and coastal length in the Indo-Pacific appears 
unevenly distributed using fishnets and UTM grids as a basis for classifying the available 
habitats. In all grid sizes, most of the cells belong to the class having the lowest amount of 
available habitat (Table 1, blue) and very few cells are included in the class with the highest 
amount of available habitat (Table 1, red). The cells that belong to the classes with relatively 
high values of shallow water and coastal length (Table 1, yellow to red) are mostly located within 
or near the Coral Triangle (Figs.8 & 9). 
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Figure 6 Overlay of raster data produced from 7,859 species distribution maps. Each change in 
shade represents an increase or decrease of 70 species (40 total classes or a 2.5% change per 
class), (a) Pattern of species distribution in the entire Indo-Pacific region. The top 10% for the 
highest species richness is found in the Coral Triangle (marked in black, with decreasing 
increments of species richness indicated by lighter shades), and the remaining decreasing 
increments of species richness are indicated by lightest shades of gray; (b) The top 10% of 
concentration of species is in the Coral Triangle, with Philippines as the epicenter, represented by 
four different shades of black. The greatest diversity is darkest shade (2,761 to 2831 species), 
followed by dark shade (2,691 to 2,760 species), light shade (2,620 to 2,690) and lighter shade 
(2,549 to 2,619 species); (c) The top 1% of species (2,804 to 2,831 species) are found within the 
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Greatest shallow water area and longest coastline per unit area (yellow to red) are mostly 
concentrated in the Coral Triangle; however, these two habitat predictors are not evenly 
distributed within the Coral Triangle (Figs. 8 & 9). As expected, the greatest concentration of 
shallow water area is over the Sunda and Arafura shelves, which are the two largest tropical shelf 
areas in the world (see Fig. 1). When using finer scale grids, however, high shallow water areas 
are also found in Mozambique, the Seychelles, the Red Sea, the Persian Gulf, coasts of Pakistan 
and India, Bangladesh, China, the Philippines, Panama, and Peru (Fig. 8a). Similar high shallow 
water locations are recorded using medium grids (Fig. 8b), except for Mozambique, the 
Seychelles, Pakistan, India, Bangladesh, Panama, and Peru. For large and UTM (Figs. 8c-g) 
grids, the largest available shallow water habitat areas are detected only for the Sunda and 
Arafura shelves. 
The cells with the longest coastline most often do not coincide with the large shallow 
water areas of the Sunda and Arafura shelves (Figs. 8 & 9). The location of high coastline 
concentration generally is found in the Philippines and eastern Indonesia. However, this differs 
according to the grid resolution, with smallest cell sizes picking up localized high coastline 
concentrations, and lower resolution large cells picking up more regional coastline 
concentrations. The longest coastlines are located along the Gulf of Tonkin in the boundary of 
Vietnam and China, the Mergui Archipelago in southwestern Myanmar, the coast around Waigeo 
and Salawati of the Bird's Head region of northwest Papua (Indonesia), and the Buccaneer 
Archipelago region of Western Australia at smallest grid sizes (Fig. 9a). For the medium grid 
(Fig. 9b), coastline concentrations remain in the Mergui Archipelago region of Myanmar, and 
also extend to the Buccaneer Archipelago, in the Gulf of Tonkin, and in the region around the tip 
of Peninsular Malaysia. For the large grid (Fig. 9c), greatest coastline concentrations are found 
around northern Taiwan and Fujian and Zhejiang coastlines of China, Western Australia, and the 
Bird's Head region. The UTM grid (Fig. 9d) records the highest coastal concentration in the 
central Philippines. Shifting the UTM grid north-south and northeast retains the highest coastline 
concentration in the Philippines, while shifting it east-west relocates this to the Bird's Head 
region (Figs. 9e-g). 
The amount of variation in species richness explained in regression analyses differs 
according to available habitat predictors and grid size resolution (Table 2; Fig. 10). Regression 
analyses of species richness versus shallow water area and coastline length are significant 
(p<0.001) at all grid sizes, although most of the R2 values were low. The amount of variation 
explained in species richness also increases with decreasing grid resolution (increasing cell size), 
with the highest variation explained in the UTM grid. Changing the locations of the UTM grid 
53 
by half a cell size north/south, east/west, and northeast/southwest alter the amount of variation 
explained by the shallow water area in the analyses, but these changes are generally small. 
However, the difference in the amount of variation explained by coastline length varies more in 
shifting UTM positions. 
Table 2 Results of the analysis of the species richness (S) against shallow water area (SW) and 
coastline length (CL) in the Indo-Pacific region using Poisson regression models. R2 value shows 














































The amount of variation in species richness explained by both of the habitat 
heterogeneity indices in regression analysis is generally very low using grids (Table 3; Fig. 10). 
However, the habitat diversity index regressions were significant at all grid sizes (p<0.01) while 
only the medium grid showing a significant result (p<0.05) for patch density. The habitat 
diversity index in larger grid sizes appeared to explain slightly more variation in species richness 
than smaller grid sizes. Habitat heterogeneity indices generally explain less of the variation in 
species richness than the available habitat predictors (Fig. 10). 
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Table 3 Results of the analysis of the species richness (S) against habitat diversity index (HDI) 
and patch density (PD) in the Indo-Pacific region using Poisson regression models. R2 value 
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Figure 10 Analysis of factors influencing biodiversity of species in the Indo-Pacific region, 
illustrated by the percent variation as explained by shallow water habitat area (SW), coastline 
length (CL), habitat diversity index (HDI), and patch density (PD) for different grid sizes (small, 
medium, large, and UTM) and different UTM positions (north/south, east/west, and 
northeast/southwest). Habitat availability indices explained the more variation than the habitat 
heterogeneity indices. 
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The amount of variation in species richness explained by the available habitat predictors 
is generally greater in the ETP than the IWP (Table 4; Figs. 11 & 12). In the IWP, regression 
analysis is significant (p<0.001) in all grids for both shallow water area and coastline length, with 
higher R2 value for coastline than the shallow water area. A decrease in grid resolution results in 
an increase in the amount of variation explained by both shallow water area and coastline length. 
An abrupt change in the R2 value for coastline length is noted when the UTM is shifted to 
north/south and east/west. In the ETP, the variance explained by the shallow water area and 
coastline length are significant (p<0.05) in all grid sizes, with the exception of coastline length in 
large grid sizes. Increasing grid resolution and shifting the UTM positions show no evident trend 
in the R2 values for shallow water area. For coastlines in the ETP region, small, medium, and 
large grids have lower R2 values compared to that of the UTM grids. In most cases, the extent of 
shallow water area explains the species richness more than the length of the coast in the ETP but 
in some cases the differences are slight. 
The amount of variation explained by the habitat heterogeneity indices was generally 
very low but generally greater in the IWP than the ETP (Table 5; Figs. 11 & 12). In the IWP, the 
amount of variation in species richness explained by habitat diversity index and patch density is 
significant (p<0.05) only in small, medium, and large grids. In ETP, both habitat diversity index 
and patch density do not show a significant relationship in explaining the amount of species 
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Figure 11 Analysis of factors influencing biodiversity of species in the IWP, illustrated by the 
percent variation as explained by shallow water habitat area (SW), coastline length (CL), habitat 
diversity index (HDI), and patch density (PD) for different grid sizes (small, medium, large and, 
UTM) and different UTM positions (north/south, east/west, and northeast/southwest). Habitat 
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Figure 12 Analysis of factors influencing biodiversity of species in the ETP, illustrated by the 
percent variation as explained by shallow water habitat area (SW), coastline length (CL), habitat 
diversity index (HDI), and patch density (PD) for different grid sizes (small, medium, large and, 
UTM) and different UTM positions (north/south, east/west, and northeast/southwest). Habitat 
availability indices explained the more variation than the habitat heterogeneity indices. 
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The results of regression analyses for species richness versus habitat availability 
predictors vary when grids are classified as either coastal, continental, or oceanic with largest R2 
values in the continental classification (Table 6; Figs. 13-15). In the coastal zone, shallow water 
area and coastline length are significant (p<0.10) in explaining the amount of variation in species 
richness only at large and UTM grid sizes. Increasing grid sizes and varying UTM positions in 
coastal zones do not show any trend in explaining the amount of variation in species richness. 
Grids located on continental shelves show a trend of increasing R2 values in increasing grid size 
for shallow water area although the relationship is only significant (p<0.05) at medium grid size 
and in specific UTM positions. Shifting the UTM grid half a cell east/west and 
northeast/southwest result in a dramatic change in the amount of variation explained in species 
richness by shallow water area, with a significant relationship (P<0.01). The amount of variation 
explained by the coastline length in species richness in continental zones show significant results 
(p<0.05) for some grid sizes. Although continental grids do not contain continental coast, they do 
include offshore islands found within the 200m bathymetry. In contrast to oceanic islands found 
in the open ocean, both shallow water area and coastline length significantly (p<0.01) affect 
species richness. Increasing grid sizes in these islands show increasing R2 values, with the 
coastline length explaining more variation. There is no evident trend, however, in the amount of 
variation explained by shallow water area and coastline length when shifting the position of the 
UTM grid. 
The amount of variation in species richness explained by habitat heterogeneity indices in 
coastal, continental, an oceanic zones is generally greater compared to that explained by the 
habitat availability predictors (Table 7; Figs. 13-15). Along the coasts, the amount of variation 
show almost identical values for habitat diversity index and patch density, with all R2 values 
significant (P<0.01). Increasing grid resolution and changing UTM positions do not change 
regression results appreciably. The habitat diversity index explains more variation than patch 
density at continental shelves and oceanic islands. Increasing grid resolutions and shifting UTM 
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Figure 13 Analysis of factors influencing biodiversity of species in coastal zones, illustrated by 
the percent variation as explained by shallow water habitat area (SW), coastline length (CL), 
habitat diversity index (HDI), and patch density (PD) for different grid sizes (small, medium, 
large, and UTM) and different UTM positions (north/south, east/west, and northeast/southwest). 




i l l 














• - I 7 1 1 • 






• - ( 1 • 
















E U T M H S 
c U T M E W 
UTM NE'SW 
Figure 14 Analysis of factors influencing biodiversity of species in continental zones, illustrated 
by the percent variation as explained by shallow water habitat area (SW), coastline length (CL), 
habitat diversity index (HDI), and patch density (PD) for different grid sizes (small, medium, 
large, and UTM) and different UTM positions (north/south, east/west, and northeast/southwest). 
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Figure 15 Analysis of factors influencing biodiversity of species in oceanic zones, illustrated by 
the percent variation as explained by shallow water habitat area (SW), coastline length (CL), 
habitat diversity index (HDI), and patch density (PD) for different grid sizes (small, medium, 
large and UTM) and different UTM positions (north/south, east/west, and northeast/southwest). 
Habitat availability indices explained the more variation than the habitat heterogeneity indices. 
Species curves for shallow water area versus the habitat availability and the habitat 
heterogeneity indices show a logarithmic trend, with changing slopes and pattern at different 
grids (Figs. 16-29). Slopes are generally low at all grid types, but appear to be steeper at large 
and UTM grids, primarily due to fewer distribution points. Positive slopes are seen in most of the 
shallow water area curves at all types of grids. All curves for coastline length have positive 
slopes. Curves for both of the habitat availability predictors show a pattern of clumping near the 
zero mark, which indicates the high frequency of grids registering a low habitat concentration. 
On the other hand, species curves for habitat diversity index show that some points are distributed 
away from the trend line and not as tight as the point distributions in shallow water area and 
coastline length curves. The majority of these curves have either negative or flat slopes, 
especially at grids assigned in ETP. Patch density curves are mostly flat and have negative 
slopes. The appearance of the species curves generally indicates that habitat availability 
indicators are better predictors of species richness compared to the habitat heterogeneity indices. 
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Low R2 values and species curves with negative slopes for habitat diversity index and 
patch density is potentially a result of the uneven distribution of shallow water area when using 
grids. To isolate the effect of area shallow water habitat (200m bathymetry) was divided into 
equal area sections (1000, 500, and 100), with one of the equal area sections partitioned in a 
different orientation (100b). Regression analysis reveals a significant effect (pO.OOl) for both 
habitat species diversity and patch density in explaining the amount of variation in species 
richness (Table 8; Fig. 30). R2 values are still low, but higher than the R2 values from grid 
analyses. Increasing cell sizes show increases the amount of variation explained, but a shift in 
partition orientation appears to have a small effect. Nevertheless, this approach of partitioning by 
equal area sections shows it to be more effective in explaining the amount of variation caused by 
the habitat heterogeneity indices. In addition, the species area curves for both the habitat 
diversity index and patch density, at different equal area sections, show a tight point distributions 
with increasing slopes (Fig. 31). Contrary to the result in grid analysis, habitat heterogeneity 
appears to play a role in shaping biodiversity patterns in the Indo-Pacific. 
Table 8 Results of the analysis of the species richness (S) against habitat diversity index (HDI) 
and patch density (PT) using equal area sections (EAS) in Poisson regression models. R2 value 
shows the amount of variation, while P value indicates the significance of the relationship. 
EAS S vs. HDI S vs. PD 
R2 P value R2 P value 
1000 0.077 O.001 0.109 O.001 
500 0.063 O.001 0.098 <0.001 
100 0.123 <0.001 0.155 <0.001 
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Figure 30 Analysis of factors influencing biodiversity of species in the Indo-Pacific region, 
illustrated by the percent variation as explained by habitat diversity index (HDI) and patch 
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Figure 31 Comparison of the logarithmic curve for species richness (log Y axis) versus habitat 
diversity index (HDI) and patch density (PD) using 1000 equal area sections (a-b), 500 equal area 
sections (c-d); 100 equal area sections (e-f), and 100b equal area sections (g-h). 
The measures of habitat availability and habitat heterogeneity indices differ across the 24 
LMEs in the Indo-Pacific region (Table 9). The top three LMEs with the highest species richness 
(Sulu-Celebes Sea, Indonesian Sea, and Papua-Solomons) are all found in the Coral Triangle. 







































North Australian Shelf, all of which are within the Sunda and Arafura shelves. The longest 
coastline length is found in the Indonesian Sea, followed by the South China Sea, and the Bay of 
Bengal. These LMEs are also located within the boundaries of the Coral Triangle. The LMEs 
having the highest value of habitat diversity index are spread out in the entire Indo-Pacific - the 
Red Sea, Pacific Ocean Islands, and Sulu-Celebes Sea. Patch density is highest in the Kuroshio 
Current, Pacific Ocean Islands, and Northeast Australian Shelf. 
Table 9 Species richness and habitat measures of the 24 Large Marine Ecosystems (LMEs) in the 
Indo-Pacific. LMEs are arranged by decreasing mean number of species per grid size (Mean Sp). 
The total shallow water area (SW), total coastline length (CL), habitat diversity index (HDI), and 
patch density (PD) per LME are given. PD for ECA is considered as outlier (*) and not included 































Northeast Australian Shelf 
South China Sea 
Gulf of Thailand 
East China Sea 
Bay of Bengal 
Agulhas Current 
Northwest Australian Shelf 
Red Sea 
Indian Ocean Islands 
Somali Coastal Current 
East Central Australian Shelf 
North Australian Shelf 
Pacific Ocean Islands 
West Central Australian Shelf 
Pacific Central-American 
Arabian Sea 


































































































































Regression analyses of species richness versus habitat availability and habitat 
heterogeneity indices vary widely using the modified LMEs (Figs. 32-35). Only the habitat 
heterogeneity index has a significant effect (p<0.01) in explaining the amount of variation in 
species richness per LME (Fig. 34). The habitat diversity index explained about 31% of species 
richness. In the species curves, all points of the LMEs located within the boundaries of the Coral 
Triangle (South China Sea, Sulu-Celebes Sea, Indonesian Sea, and Papua-Solomons) are 
consistently found at the top of the logarithmic trendline. Most of the points at the bottom of the 
trendline belong to LMEs found within the Indian Ocean and ETP. 
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Figure 32 Correlation between species richness (log Y axis) versus shallow water area (X axis) 
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Figure 33 Correlation between species richness (log Y axis) versus coastline length (X axis) 
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Figure 34 Correlation between species richness (log Y axis) versus habitat diversity index (X 
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Figure 35 Correlation between species richness (log Y axis) versus patch density (X axis) based 
on data from 24 LMEs. The point labels refer to the LME codes in Table 9. 
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DISCUSSION 
Overlay analysis using 7,859 distribution maps of fishes, invertebrates (molluscs and 
crustaceans), and habitat-forming species (corals, seagrasses, and mangroves) gives further 
support to the findings of Carpenter & Springer (2005) that the Philippines is the global epicenter 
of marine biodiversity. This study also supports the secondary diversity found in Indonesia and 
the general pattern of decreasing species richness with distance from the epicenter (Hoeksema, 
2007). Carpenter & Springer's (2005) results showed a peak in diversity in the Verde Island 
Passage, which is between the islands of Mindoro and Luzon, while this study shows the peak in 
the waters surrounding the islands of Panay, Negros, Cebu, and Bohol (Fig. 6). This slight 
southward shift is potentially attributed to different GIS methodology such as the different 
basemaps used in the two studies. However, most likely the difference is because of the different 
biotic composition of the different studies. Carpenter and Springer (2005) used distributions of a 
broad range of taxa of commercial importance including seaweeds, a wide range of invertebrates, 
fishes from many different habitats, and higher vertebrates such as turtles and marine mammals. 
The present study is biased toward coral reef fishes and a plot of only coral reef fishes (Fig. 7b) 
shows a peak of diversity very similar to the peak revealed in the overall analysis (Fig. 6). This 
study utilized distributions of 7,859 species, of which 4,043 were coral reef fishes while 
Carpenter and Springer (2005) used distributions of 2,983 species of potential commercial 
importance. While these studies agree very closely with the general biodiversity pattern of the 
Coral Triangle, both are in marked contrast to the pattern revealed by Bellwood et al. (2005). 
They show an observed species richness pattern for fishes as greatest around the northeastern and 
southeastern island of Papua. This is likely because of the haphazard choice offish families 
based on available published distribution maps (only 1,766 species belonging to 13 families 
versus 5,616 shore fishes belonging tol88 families, in this study) The observed pattern of 
richness for corals in Bellwood et al. (2005) is similar to this study because both were based on a 
similar set of published maps (Veron, 2000). 
The area of refuge hypothesis suggests that the high diversity of species in the Coral 
Triangle is mainly influenced by the available shallow water habitat. However, this study shows 
that shallow water area, as a measure of available habitat, has only a small influence in shaping 
the species richness in the region, both spatially and statistically. Spatial analysis shows that the 
location of the largest shallow water area, found in the Sunda and Arafura shelves, does not 
coincide with the location of highest shore species biodiversity, which is found in the Philippines. 
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Moreover, shallow water area only accounts for a maximum of 27% of variation in species 
richness (Table 2), which is lower compared to what is noted in previous studies. Bellwood & 
Hughes (2001) showed that the amount of variation explained by shallow water habitat is about 
42% and 57% in corals and fishes, respectively. This disparity can be attributed to the different 
methods employed, including the use of point data for species distribution and the extent of 
shallow water area used (50m compared to 200m, in this study). Nevertheless, both spatial and 
statistical tests reveal that shallow water area, as a function of habitat, is not a strong predictor of 
species richness as previously thought. 
This study also tests how shoreline concentration, as a proxy of available habitat, 
explains the biodiversity in the Indo-Pacific region. Spatial and statistical analyses both show 
that coastline length is a better proxy of available habitat area compared to available shallow 
water area. Spatial analysis shows that the longest coastline is most consistently found in the 
Philippines and eastern Indonesia at grid sizes with the highest R2 values (Figs. 9d,f, & g) - the 
same locations where the highest 10% of species richness is found (Fig.6). The amount of 
variation in species richness explained by coastline concentration is about 33%, which is higher 
than that explained by shallow water area, with only 27% (Table 2; Fig. 10). These findings are 
consistent with the results of Etnoyer (2001), who showed that coastline length was a good proxy 
for area based on the "shoreline complexity" hypothesis. The hypothesis suggests that an 
intricate and convoluted shoreline in a grid could increase the amount of available habitat by two 
or three fold, compared to a simpler shoreline in the same grid. Coastline complexity, therefore, 
is the best predictor of species richness in this study. The Coral Triangle has the most 
concentrated coastline in the Indo-Pacific region, contributed by the numerous islands in the 
archipelagos of the Philippines and Indonesia. Although the availability of shallow water habitat 
is important, a more complex shoreline is also important for many fishes and invertebrates during 
their early life history stages (Peterson et al, 2000). 
The very weak influence of habitat heterogeneity in explaining the amount of variation in 
the Indo-Pacific (Table 3; Fig. 10) appears to agree with the habitat per se hypothesis (Kallimanis 
et al, 2008), and falsifies the notion that habitat heterogeneity supersedes the effect of available 
habitat (Tews et al, 2004; Baldi, 2008). This result, however, can be attributed to the poor 
correlation of both habitat diversity index and patch density to species richness, which are mainly 
due to the limitations when using grids. The use of Shannon-Weiner formula in calculating the 
habitat heterogeneity index is different from other methods that used discrete counts of habitat 
types (Magurran, 1988; Tews et al, 2004). This study uses the area measurements (continuous 
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variables) of coral reefs, seagrass beds, mangals, and soft-bottom as substitutes for count 
variables. Since area measurement is used instead of counting the elements, the habitat diversity 
index calculation was highly variable depending on the area of the dominant soft-bottom habitat. 
The WCMC layers (coral reefs, seagrass beds, and mangals) are very tiny, compared to the soft-
bottom layer derived from the shallow water area shapefile. In grids where the area of soft-
bottom is larger than the area of all other habitat types, habitat diversity index will be low. In 
comparison with another grid where the area of soft-bottom is smaller than the area of all other 
habitat types within the same grid, habitat diversity index will be high. The uneven soft-bottom 
area thus creates highly variable habitat diversity indices that may not reflect accurately the 
species richness of the grid. 
Similarly, the calculation of patch density is also influenced by the shallow water area 
habitat (Table 3; Fig. 10). Since patch density measures the number of patches (polygons) of 
coral reefs, seagrass beds, mangals, and soft-bottom over shallow water area, high patch density 
is expected in grids with lower shallow water area. Conversely, grids with low patch density are 
likely to contain larger amounts of shallow water area. Given that species richness is positively 
correlated to the amount of available shallow water area, a negative correlation between patch 
density and species richness is expected when using grids. This can also be seen in the species-
area curves, where most of the curves for patch density show a flat or decreasing trend. 
Problems with the variability in shallow water area per grid in calculating the habitat 
heterogeneity indices are addressed by keeping the shallow water area constant in equal area 
sections (Fig. 4). When shallow water area is kept constant, habitat heterogeneity indices reveal a 
significant effect on the amount of variation in species richness (Table 8; Fig. 30). The result is 
similar to the findings of Kallimanis et al. (2008), who note that habitat heterogeneity supersedes 
the available habitat if area is kept constant. Species-area curves for the habitat diversity index 
and patch density both show a positive trend (Fig. 31). The results suggest that habitat 
heterogeneity also influences the species richness in the Indo-Pacific region, given equal areas of 
available habitat. Habitat diversity index and patch density, however, explains only about 13% 
and 15% of species richness, respectively (Table 8). The low variation explained in species 
richness by habitat heterogeneity disagrees with the results that heterogeneity is the most 
important factor shaping species-area relationships (Rosenzweig, 1995; Tews et al, 2004; Baldi, 
2008). However, habitat availability and habitat heterogeneity both play an important, but not 
overwhelming role, in shaping the species richness in the Indo-Pacific as indicated by significant 
R2 values (Tables 2 & 8). 
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Larger grids generally explain a greater amount of variation in species richness by the 
habitat availability predictors than smaller grids (Tables 2 & 3), probably because smaller grids 
are not reflective of the spatial scales that the generalized species distributions of the species in 
this study. Distributions of marine species in the Indo-Pacific are overwhelmingly wide ranging, 
especially coral reef species (Allen, 2007). Using smaller grids, the top 40% of shallow water 
habitat area is shared by Southeast Asia, Australia, Papua (including the Sunda and Arafura 
shelves) and by some locations in Africa and the ETP (Figs. 8a & b). The size of each unit cell is 
small and, therefore, numerous potential areas with high shallow water habitat will be identified, 
including areas with low species richness (compare Figs. 8a & b with Fig. 6a). The same effect is 
observed when looking at the coastline length using smaller grids. Several areas with the top 
40% of coastline are found in places not expected to be as diverse (compare Figs. 9a & b with 
Fig. 6a). Therefore, using a higher resolution cell size (i.e. smaller grid) does not necessarily 
produce a better fit of the habitat variable with species richness. This is reflective of the large 
average distribution area of species in this study that would not be detected at small grid sizes. 
This is also reflected in the regression values for species richness with shallow water habitat area 
and coastline length that increase from small, medium, large, and UTM grids, respectively. 
Therefore, grid resolution size can influence habitat predictors of species richness and the UTM 
grid achieves the best fit in this study. However, using grid sizes larger than UTM warrants 
further testing. This would increase the amount of available habitat per grid and may result in an 
increase in R2 value. 
Changing centroid position of grids can markedly influence results since shifting position 
will variably change the shallow water area and coastline length covered, and may result to abrupt 
changes in the R2 values (Tables 2 & 3; Fig. 10). The random differences in land and sea areas 
covered when centroids are shifted will also influence which cells are reclassified to reduce the 
effect of differences in land included in the grids. This adds to effective grid size variability and 
may also affect R2 values in regression analyses. Increasing size of equal area sections also 
increased the amount of variation explained in species richness (Table 8; Fig. 30). A larger grid 
tends to capture larger habitat area and more diverse habitats, thus a higher number of species. 
Although size affects the amount of variation, centroid location, however, did not appreciably 
change results. Unlike in grids, there is no need to combine the equal area sections when 
centroids are shifted. Thus, the variability in effective grid size is eliminated in using the equal 
area sections. 
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The amount of variation in species richness as explained by habitat availability predictors 
and habitat heterogeneity indices changes appreciably when grids are subdivided into coastal, 
continental, and oceanic zones (Tables 6 & 7; Figs. 13-15). This subdivision was also meant to 
reduce the effects of unequal land sizes using grids. In coastal zones, all the factors tested in this 
study have a strong influence on species richness, except for some small and medium grid sizes. 
Shallow water area and the coastline concentration are expected to affect species diversity since 
both only consider parameters at or near the coast. Also, the high correlation of species richness 
and habitat heterogeneity indices can be attributed to the fact that the majority of habitat-forming 
species are concentrated near the coast. In oceanic zones, species richness is shown to be affected 
by only shallow water area, coastline length, and habitat diversity index. Coastline length 
explains the most variation in species richness in islands because they have a low amount of 
shallow water area, and the habitat-forming species are very few. In continental zones, species 
richness is mostly influenced by the shallow water area and coastline length. The reason why 
habitat availability is more important than heterogeneity in continental zones is due to the high 
concentration of soft-bottom habitats in this zone. Soft-bottom habitats are more widespread here 
than coral reefs, seagrass beds, and mangals. 
The effects of habitat availability and habitat heterogeneity have marked contrasts in the 
IWP and ETP regions because of the fundamental differences in oceanic influences and habitat 
types (Randall, 1998). In addition, the vast expanse of ocean between Polynesia and Easter 
Island, which serves as a barrier between the two regions (Ekman, 1953), limits dispersal and 
subsequent mixing of biota between the regions. Species richness in the IWP is influenced by 
both habitat availability and habitat heterogeneity, while species richness in the ETP is greatly 
influenced by available habitats (Tables 4 & 5; Figs. 11 & 12). The rich geological history of the 
IWP (Renema et al, 2008), the extent of available shallow water area (Carpenter, 1998), the 
greatest coastline concentration (Etnoyer, 2001), and the numerous habitat-forming species 
(Rosen, 1971, 1988a; Veron, 1995; Palumbi, 1997), all contribute to the amount of biodiversity in 
the region. On the other hand, the lack of habitat-forming species in the ETP possibly resulted in 
a biodiversity that greatly depends on the amount of shallow water area and coastline length, and 
not in the habitat heterogeneity in the region. Due to the upwelling process, coral reefs in the 
ETP are poorly developed and subject to rapid bioerosion (Manzello et al, 2008). The coastlines 
in ETP are simpler than those found in IWP hence the effect of coastline does not differ much 
from the effects of shallow water area in ETP. 
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In LMEs (Fig. 5), the species richness is only influenced by the habitat diversity index 
(Figs. 32-35). This could be explained by the way LMEs are characterized using physical and 
ecological characteristics, e.g. bathymetry, hydrography, productivity, and trophic relations 
(Sherman & Hempel, 2009), so it is expected that species richness in LMEs is controlled by 
habitat availability. However, the effects of habitat heterogeneity may be stronger at larger 
scales. Larger habitat areas are more likely to have a wider array of habitats, which leads to a 
higher number of species. All LMEs in the boundaries of the Coral Triangle have the highest 
concentration of shallow water area, coastline length, habitat diversity index, and patch density 
than the other LMEs located outside of the Coral Triangle. This further supports that the highest 
habitat availability and heterogeneity in the Coral Triangle influences high biodiversity. 
In this study, the high concentration of species richness in the Coral Triangle can be 
attributed to the positive correlation between the species distribution and the availability of 
habitat area and heterogeneity of habitat in the region. However, the low amount of variation 
contributed by area in this study is surprising given the high importance of available area in other 
studies (Rosenzweig, 1995; Bellwood and Hughes, 2001), as well as the effect of habitat 
heterogeneity (Baldi, 2008; Tews et al, 2004). Given the amount of variation explained by both 
area and habitat heterogeneity, biodiversity in the Coral Triangle may possibly have been driven 
by other factors that are not tested in this study. The results of this thesis merit further study with 
focus on other factors that might have also contributed to the generation of diversity in a local 
scale, such as within the Coral Triangle. This can include identification of population structure 
within the Coral Triangle using molecular techniques and understanding the past and present 
marine biogeography patterns that have helped shape the diversity in the region. The GIS data 
used in this study can also be used to test the other hypothesis explaining the diversity in the 
Coral Triangle, particularly the center of overlap theory. Distribution maps can be analyzed to 
look for the amount of species occurring in Indian Ocean and West Pacific that overlap within the 
Coral Triangle. 
The species richness pattern LME point location in species-area curves reveals potential 
priority areas for conservation management. This study reveals that the highest marine 
biodiversity is in the central Philippines, thus, suggesting that this area needs to be prioritized for 
conservation and management. 
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CONCLUSION 
This study tested the effects of the area of refuge hypothesis in Indo-Pacific marine 
biogeography. Different manipulations of distribution maps using GIS reveal that species 
richness is found to be explained by both available habitat and habitat heterogeneity. Both 
availability of shallow water area and coastline length, as a proxy for available habitat, 
significantly impact species richness in the Indo-Pacific region. However, coastline length per 
unit area is a better predictor of species richness than availability of shallow water area. Habitat 
heterogeneity also influences biodiversity in the Indo-Pacific, however, this effect is weak 
compared to available habitat. The Coral Triangle generally has the most complex coastlines, 
extent of shallow water area and highly heterogeneous habitats - all contributing to its having the 
most diverse marine fauna in the world. Overall, the effects of both habitat availability and 
habitat heterogeneity are low; therefore other factors might have played a major role the 
biodiversity in the region. Possible reasons may include the availability of optimal climate, 
temperature, and primary production that allow organisms to subsist. Other possible factors that 
might influence the biodiversity in Coral Triangle that still warrant testing are that the Coral 
Triangle is the center of origin where lineages diversified, that species have accumulated there by 
ocean currents or complex geological shifts in shallow seas, and that it is the center of overlap 
between Indian and Pacific Ocean biotas. 
Habitat availability and heterogeneity act at different intensities in explaining the species 
richness per region, zone, and LME. In the IWP, the species richness is influenced by both 
habitat availability and heterogeneity, but species richness in ETP is more likely to be influenced 
by available habitat. Coastal species are affected by shallow water area, coastline length, habitat 
diversity index, and patch density. Species richness in the islands is influenced by all factors 
except patch density. In continental zones, shallow water area and coastline length explain more 
variation in species richness than by the habitat diversity index. 
Finally, this study has contributed to the expanding field of marine GIS by showing that 
GIS can also be employed to test and explain the pattern of species distributions in the marine 
environment. Previous studies that have employed GIS are mostly terrestrial (e.g. plants) or non-
marine (e.g. insects, mammals) studies. The methods used in previous studies are modified to 
suit the requirements of the dataset in this study. Likewise, the methods and analyses employed 
and conducted in this study can be customized to identify areas of concern for priority 
management of other taxa at local, regional or global scale. 
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